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ABSTRACT 
AN EXPERIMENTAL INVESTIGATION OF STEADY FLOW 
AT AN 
ARTERIAL BIFURCATION 
A PH.D. THESIS 
BY 
K. BALASUBRAMANIAN 
The geometry of a typical adult human carotid bifurcation was 
established from a study of a large number of angiograms. A rigid 
model was constructed from glass and investigations were performed 
under steady flow conditions using dye injection and hydrogen bubbles. 
A second model was machined from plexiglas and employed in a series of 
laser Doppler anemometer measurements of velocity profiles within the 
bifurcation. Physiologic ranges of Reynolds numbers and flow division 
ratios were utilized in the experiments. The studies revealed a 
complex flow field in which flow separation and secondary flow 
patterns play an important role. The separation regions occurring at 
the outer regions of the branches are zones of low shear stress but 
are not regions of recirculation. The apex or flow divider 
neighborhood experiences relatively high wall shear stress while the 
side walls of the carotid sinus contain areas of moderate shear 
levels. Comparison with pathologic data for localization of 
atherosclerotic lesions indicates that zones susceptible to disease 
are areas which experience low shear stress while regions of 
relatively high shear are free of deposits. 
ABSTRACT 
AN EXPERIMENTAL INVESTIGATION OF STEADY AND PULSATILE 
FLOW THROUGH CONSTRICTED TUBES 
A PH.D. THESIS 
BY 
S. A. AHMED 
An experimental 	investigation of steady and pul satile fIcJw 
through axisymmetric contoured constrictions in a rigid tube has eeen 
conducted. 	The study was motivated by the problem of arterial 
stenoses occurring in certain cardiovascular diseases. Flow 
disturbances caused by the constriction have been shown to be an 
important feature of the flow, and their analysis may offer a 
diagnostic tool which could help in early detection of the disease. 
Contoured constrictions with 25 percent, 50 percent and 75 
percent area reductions were investigated. The steady flow 
experiments covered a range of Reynolds numbers from 500 to 2,000 
while the pulsatile flow had an instantaneous Reynolds number varying 
from 200 to 1,000. The pulsatile upstream centerline velocity 
waveform was approximately sinusoidal with a frequency parameter or 
7.5. 
Investigations by flow visualization utilizing 	the 1- e/di- co:en 
bubble technique demonstrated a complex flow field, particularl ,  in 
the case of pulsating flow, consisting of a separated regipn 
downstream of the constriction, vortex shedding in the near distal 
region and turbulence in the far field. 
Quantitative measurements of two velocity components made with a 
two-component laser Doppler velocimeter provided additional details el 
the development of velocity profiles, disturbance velocity profiles 
and wall shear stresses. Velocity measurement, were condunted at 
numerous axial locations and radial positions. 
The steady flow results show that the length of the laminar 
recirculation region increases with the Reynolds number and with the 
area reduction. Furthermore, the mean velocity profiles exhibit a 
jet-like character with large changes in velocity gradient. 
Downstream of the constriction, the flow field is dominated by , orte .,•, 
shedding which either breaks up into random fluctuations or decays 
deterministically due to viscosity effects, depending on the upstream 
conditions and stenoses geometry. 	Generally, disturbances are 
generated in the shear layer with a large fraction of the r.',nRrci -/ in 
the fluctuations being 	at 	lower 	frequencies. 	Nondlmeneional 
correlations were applied to the disturbance energ/ spectro. 
2 
the pulsatile flow is characterized by the lack of a stationary 
separated zone. Instead, there is a region of reverse flow which 
expands during systole and contracts during diastole. For high valua 
of the frequency parameter. a strong vortex ring swirls into this 
region and is washed away during the next cycle. Flow disturbance 
analysis was applied to small intervals of the cycle to isolate the 
different fluid 	mechanics 	phenomena 	namely, starting coherent 
structure, vortex shedding and turbulence. The existence and 
interaction among these phenomena depend on the maximum Reynolds 
number, the frequency parameter and the degree of the constriction. 
In general, 	the 	fundamental 	frequency 	of 	the velocity 
fluctuations increases with the degree of constriction at fixed axial 
location for both steady and pulsatile flows. However, it decreases 
farther downstream for the same occlusion. 
Thus, the results of the present investigation have led to an 
extensive description of the flow field through a constricted tebe 
with steady or pulsatile upstream flow conditions. The disturbance; 
measured in the flow field are expected to help in the early detection 
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E. TECHNICAL DESCRIPTION OF PROJECT AND RESULTS 
1. Hemodyramics and Atherosclerosis in the Human Carotid Bifurcation 
In work accomplished in the laboratories of the School of 
Aerospace Engineering, the Georgia Institute of Technelegy, and 
the Departments of Surgery and Pathology, the University of 
Chicago, we have determined the following: 
a 	Atherosclerotic lesions in the human carotid bifurcation do 
not localize in regions of relatively high, unidirectloeal 
wall shear stress. 
b. Although complex laminar secondary flow patterns occur in the 
normal carotid bifurcation, turbulence is not present until 
plaques are well-developed. 	Consequently, 	turbulence nay 
influence the fate of established large plaques but can 
probably be ruled out as a direct 	initiating factor in 
atherosclerosis of the carotid artery. 
c. Plaques localize in regions of the carotid bifurcation which 
experience a low mean wall shear stress (outer wail of the 
sinus) and in regions where the wall shear sties=_ vectol -
changes direction significantly during the cardiac cycle 
(outer wall and, to a lesser degree, side walls of the 
sinus). 
d. Significant factors which affect flow patterns relative to 
(c) above are: 	branch angle, flow division ratio and flow 
pulse waveform. 
As a result of these findings, turbulence and high, unidirectional 
wall shear stress do not appear to be initiating factors of 
atherosclerosis in the human carotid bifurcations. consequently. 
for future work we plan to concentrate upon investigating possible 
relationships between lesion localization and (i) specific 
characteristics of wall 	shear 	stress behavior and/or 	(ii) 
residence time of 	fluid elements 	near vessel wall sites 
susceptible to plaque development. 
2. Stenotic Flows and Aortic Coarctations 
The Departments of Surgery and Pathology (Drs. C. K. 7ar ins 
and S. Glagov) have many years experience with the cynemo;gus 
monkey as an experimental model for atherosclerosis. In wock 
performed during the present NSF funding we have studied a series 
of 11 monkeys (9 with coarctations and 2 without) which were 
placed on an atherogenic diet with 2% cholesterol and 25% peanut 
oil for a period of six months. 	At the time of implanting the 
Foarctation, several hemodynamic variables were meaete - ed to 
characterize flow, pressure and flow disturbances in the ac,- ta. 
At the time of sacrifice these measurements were repeated and 
particular attention was given 	to obtaining pulsed Doppler 
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ultrasound measurements in the poststenotic regions, concentrating 
primarily upon characterizing the intensity of flow disturbances 
induced by the constriction. Although we have not yet completed 
all our analyses of these data, we have determined the following 
to date: 
a. Hypertension per se was not a consistent factor in the 
development of atherosclerosis in the monkey aorta. 
b. Inasmuch as the coarctation channel itself was consistently 
spared, relatively high levels of unidirectional wall shear 
stress were considered to exert an inhibitory effent on 
atherogenesis. 
c. A good correlation between turbulence intensity and disease 
sparing existed for several vessel diameters dietal to the 
coarctation. Further distally, this correlation deteriorated 
significantly. Consequently, although we are not prepared to 
conclude that turbulent flow inhibited atherosclerosis, e. 
can state that turbulence did not play a contributory role in 
these experiments. 
All hemodynamic data are recorded on FM tape, and we will be 
continuing the analysis and correlation with pathology over the 
next several months. 
Additionally, we have completed 	a series of contoured 
stenoses with area reductions of 25, 50 and 75%. Steady flow 
experiments at Re = 500, 1000 and 2000 were performed as well oe 
pulsatile experiments which employed a sinusoidal waveform with 
minimum and maximum Reynolds numbers of 800 and 1000 and a 
frequency parameter of u = 7.5. 	These latter values are simLla, - 
to those of the monkey aorta. 	We have not completed our analysis 
of. these experiments nor have we yet related them to the monkey 
coarctation studies. However, the following conclusions have been 
drawn to date: 
a. Detailed velocity profiles in steady and polsatile flows have 
been obtained noninvasively with the LID method. Results 
cover a range of transitional flows and can be employed For 
comparison with laminar and 	turbulent computational fluid 
dynamic models. 
b. Wall shear stresses have been measured in the stenotic field. 
Values of 1 are maximum within the throat of the 
constriction.
w 
 In steady flow the separated flow region 
contains areas of low T
w
, but it also possesses areas for 
which the 1 is comparable in magnitude, though opposite in 
direction, Vo the fully developed value far upstream. 
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c. The all shear stress reaches a local maximum downstream of 
flow reattachment. However, this value is at most 2-3 times 
higher (when turbulence is present) than the upstream value, 
and it is an order of magnitude less than the maximum 1 
the constriction throat. 
d. Three distinct types of poststenotic disturbances can exist 
in pulsatile flow: (i) a coherent laminar structure 
associated with the acceleration phase of each cycle; (ii) 
laminar oscillations at discrete frequency arising from shed 
vortices; ,Ind (iii) turbulence. 
Analysis of these data will continue over the next several months. 
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